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The development of the science of nutrition, with repeated
demonstrations of its importance in preventive medicine, has led
to investigations of the relation of diet to dental disease. There
has been a rapid growth of interest in this subject since Howe4
described the effect of scorbutic diets on the teeth of guinea-pigs.
A large number of observations have accumulated, based partly on
clinical studies and partly on experiments with laboratory animals.
The fact that inorganic salts enter into the composition of both
teeth and bone to such a large extent, raises a question as to the
availability of the salts contained in these structures for metabolic
use. Little evidence has been presented to indicate that, in times
of need, the hard tooth structures act as a labile reservoir for inor-
ganic salts as do the bones (Gies3, Toverud'2, Templin and Steen-
bockl0 11, Karshan and Rosebury5, Clarke and Smith2). On the
other hand, there are data indicating that enamel and dentine may
actually continue to form during periods of salt deprivation. On the
basis ofchemical analyses, Clarke and Smith2 demonstrated-that salts
withdrawn from the skeleton under nutritive stress are utilized to
some extent by thegrowing incisors ofthe rat.
It seemed that the histological method of approach might yield
further information bearing on the foregoing question. The pres-
ent study is a description of the normal molar teeth of the rat, with
their supporting structures and the changes occurring in these tissues
associated with the ingestion of an experimental ration extremely
poor in inorganic salts.t
* From the Department of Pathology and the Laboratory of Physiological Chem-
istry: A contribution from the Dental Study Unit, Yale University School of
Medicine. The data presented are taken from dissertations submitted in partial
fulfillment of the requirements for the degree of Doctor of Philosophy, Yale Uni-
versity, in 1933 by Miriam F. Clarke; in 1935 by S. S. Arnim. A preliminary
report was made to the American Federation of Biological Sciences, Cincinnati, 1933.
t Carious lesions in the molar teeth and changes in the incisors will be discussed
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Experimental Procedures
Male rats at weaning (21 days old andweighing 36 to 50 grams)
were given a satisfactory unsifted stock ration*. Growth was
rapid, averaging 4.5 grams per day. Ninety-three animals which
reached 100 grams body weight before 40 days of age were used.
They were divided into three groups: 19 were fed the low-salt
diet (Diet 3, Table 1) for a period of 12 weeks, at the end of which
time they were sacrificed; 44 were fed the same ration (Diet 3)
for the same length of time and then were realimented for 4, 8,
or 12 weeks respectively with the same diet, to which had been
added an adequate amount of salt mixture (Diet 2, Table 1).
Thirty animals were fed the adequate diets and were used as weight,
age, and calorie controls. The weight controls received the food
(Diet 2) with no restrictions, until they attained the weight of the
low-salt animals, when they were sacrificed. The age controls
received the adequate diet (Table 1) with no restrictions until their
age corresponded with that of the low-salt animals; at that time
they were sacrificed. The ration of the calorie controls (Diet 4,
Table 1) was so adjusted that these animals received daily the same
number of calories that were consumed by the low-salt rats and in
addition an adequate amount of mineral salts.
Throughout most of the experimental period in which only the
low-salt diet was consumed, the food intake of the rats was approxi-
mately 6.0 grams per day. A large proportion of the total ash was
provided by the vitamin adjuvants. The extreme restriction of
mineral salts in the diet of the low-salt group is indicated by the
analytical data of Smith and Smith7. Using essentially the same
experimental ration as herein employed, they calculated that their
low-salt group of rats consumed daily on the average the following
quantities of "inorganic" ions: phosphorus 14.6 mgm., total base
0.32 m.-eq., magnesium 0.018 m.-eq., potassium 0.228 m.-eq.,
sodium 0.044 m.-eq., and chloride 0.072 m.-eq. There is a marked
preponderance in the proportion of phosphorus over calcium,
although the daily intake of phosphorus is far below the require-
ment of the rat. The potassium accounted for a very large part
of the total base and most of it was provided by the dried yeast.
Diets 2 and 4 were nutritionally adequate; the low-salt diet was
deficient only in inorganic salts as indicated above.
* See Maynard, L. A.: A Diet for Stock Rats, Science, 1930, 71, 192.
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Diet
2
Adequate
Synthetic
TABLE 1
EXPERIMENTAL DIETS AND ACCESSORY FACTORS
Mineral Constituents
Composition ,.-per cent--
Ingredients per cent Ca P Aslh
Low-ash casein1 ...........................
Dextrin2 ....................................
Hydrogenated fat5 .......................
Salts (Osborn and Mendel, 191
I....
....
....
7)
3 Low-ash casein .
Low-Salt Dextrin.
Hydrogenated fat.
Salts .
4
For
Calorie
Controls
18
51
27
4
100
18
55
27
0
100
0.52 0.43 2.85
0.002 0.16 0.44
Low-ash casein .... ....... 16.9
Dextrin ........... 51.8
Hydrogenated fat ..... ...... 25.4
Salts (Osborne and Mendel, 1917) 5.9
100.0 3.59
DAILY ACCESSORY FACTORS (FOR ALL GROUPS ALIKE)
Cod-liver oil (Harris) . 5 drops
Wheat germ extract3 . I cc.
Dried brewer's yeast4 . 0.2 gm.
Ca P
mg. mg.
0.5 6.0
1 Casein 453, Casein Mfg. Co., New York, prepared according to the method
of Swanson and Smith8.
2 Dextrin from corn, Eimer and Amend.
8 Prepared by extraction with 80%o alcohol according to the method described
by Swanson and Smith8.
4 Northwestern Yeast Co.
5 Crisco.
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Results
Growth
Rats maintained on the low-salt diet had the characteristic
appearance described by Swanson and Smith9. A hump was fre-
quently observed in the lumbar region of the vertebral column,
while slight exophthalmos and epistaxis were seen in many animals
on the low-salt diet. They frequently became unusually active with
the first evidence of malnutrition. Toward the end of the 12-week
period about 20 per cent of these rats developed paralysis. Growth
ceased during the last six weeks of the low-salt period.
At autopsy the organs of the rats maintained on the low-salt
food for 12 weeks showed marked differences from normal controls.
There was almost no fat in the perirenal, mesenteric, and intra-
muscular depots, and reduced amounts were found in the genital
region. The kidneys were dark brown in color. The spleen in
most cases was very small. The most conspicuous gross abnormal-
ity was the extreme fragility of the bones. Although the incisors
were mere shells compared with normal teeth, and were extremely
difficult to remove without breaking, no evidence of enamel hypo-
plasia was seen.
Dental Structures
CONTROL GROUps. The following section describes the molar teeth
and alveolar processes of all three groups of control rats.
Enamrel.-The spaces formerly occupied by enamel were well
outlined by the dentine on the one side and the enamel cuticle and
debris on the other. Remains of enamel partly filled these spaces
in many instances. Enamel lamellae were frequently seen project-
ing from the cuticle toward the dentine. Outlines of enamel rods
could be discerned in the enamel remains (Fig. 1).
Dentine.-The dentine was composed of an apparently homo-
geneous matrix containing the dentinal tubules and their contents.
The tubules radiated from the pulp chamber to the outer surface of
the-dentine. A predentinal layer bordered the pulpal surface of
the dentine. Some tubular secondary dentine was seen capping the
pulpal horns in the cusps and opposite the sulci. Secondary dentine
which capped the pulpal horns was sparsely tubular and contained
occasional cells and minute spaces. Resorption lacunae involving
dentine were occasionally observed on the cemental surfaces of roots;
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however, none were seen along the walls of pulp chambers or root
canals.
Pulp.-The pulp was composed of loose, vascular, fibrous con-
nective tissue. The cells had large, vesicular nuclei and numerous
protoplasmic processes. They were embedded in an intercellular
substance containing a fine network of fibrils. Along the border of
the pulp there was a dense zone of columnar cells (odontoblasts)
with large nuclei in a palisade arrangement. Cytoplasmic proc-
esses could be seen extending from the odontoblasts into the dentinal
tubules. Blood vessels were not seen to extend beyond the odonto-
blastic zone (Fig. 1). Irregular masses composed of a dense
fibrous non-tubular matrix containing a few scattered cells were
occasionally observed in the pulp. Their staining characteristics were
similar to those of dentine giving them the appearance of calcific
nodules or "pulpstones."
Cementum.-The cementum was thin in the cervical third of
the root, thicker in the middle third, and thickest in the apical third.
The cervical third, like the zone adjacent to dentine in the middle
and apical thirds, was acellular. The rest of the cementum in the
middle and apical thirds contained cells with numerous processes in
fairly even distribution. The nuclei were round or oval and had a
light halo around them. They appeared to be equal in number to
those in adjacent alveolar bone. Their distribution, however, was
not so regular or systematic. The pericemental surfaces of the
cellular cementum were uneven. Fibers of pericementum were
seen embedded in cementum. Resorption lacunae were more num-
erous in the cellular regions (Fig. 2).
Pericementum.-The pericementum was composed of vascular,
cellular fibrous connective tissue, fairly even in thickness. The
nuclei were oval, large, and vesicular with their long axes parallel
to the course of the fibers. The cervical fibers extended from
cementum obliquelyinto marginal gingivae and horizontallythrough
the interproximal gingivae to adjoining teeth. The main body of
fibers passed obliquely from the cementum occlusally to alveolar
processes. The fibers about the apices of roots radiated from
cementum to alveolar bone, while those in the bifurcations of roots
entered the processes at various angles. Blood vessels in the peri-
cementum appeared more numerous along the bone surfaces
(Fig. 2).
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Alveolar Bone.-The outer layers of the alveolar processes were
composed of compact bone from which lamellae extended into the
marrow spaces. The compact bone was thickest along the gingival
surfaces. Marrow spaces, largest between the roots of teeth, ex-
tended to' approximately two-thirds the height of the processes.
Blood vessels and nerves passed through the alveolar walls from
the bone marrow to the pericementum and gingivae. Occasional
groups of resorption lacunae, some of which contained multinucle-
ated giant cells, were seen along the surfaces of the alveoli. The
bone marrow was vascular and markedly cellular. The megakaryo-
cytes were relatively conspicuous. Few adipose tissue cells were
seen (Fig. 2).
Gingiva.-The surface epithelium of the alveolar gingiva was
keratinized. Rete pegs were rarely seen. The crevicular gingiva
was covered with a thin layer of stratified squamous epithelial cells
extending to the cementum. The connective tissue fibers in the
marginal gingiva formed a horizontal band encircling the tooth.
There was an accumulation of mononuclear cells and polymorphonu-
clear leukocytes in the subepithelial connective tissue. Margination
of the white blood cells in the capillaries near the crevicular sur-
faces was frequently observed (Fig. I).
LOW-SALT GROUP. The following section describes the deviations
from normal observed in the low-salt rats.
Dental Changes.-A core of irregular dentine was seen in that
part of the cusps which had been occupied by pulp during an earlier
stage of dentine formation (Figs. 3 and 4). This core stained
lighter, was of looser texture than the surrounding dentine, was
sparsely tubular, and contained elongated cells and minute spaces.
The occlusal surfaces of some of the cusps were flattened by wear.
In some instances this wear involved the irregular dentine, and
breaks occurred (Fig. 5). Cavities thus formed were filled with
amorphous material, necrotic dentine, and food debris (Fig. 6).
The walls were ragged, and basophilic material following the course
of the tubules extended into surrounding dentine. In the adjacent
pulp there were small necrotic areas surrounded by an exudate com-
posed chiefly of polymorphonuclear leukocytes and large and small
mononuclear cells. The blood vessels in the rest of the pulp were
distended and contained many polymorphonuclear leukocytes.
Connective tissue cells appeared to be more numerous about the
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involved areas. In the more advanced lesions much of the pulp was
destroyed and part of the pulp chamber was filled with exogenous
material (Fig. 6). The lesion in some instances involved all the
pulp and extended through the root canals into periapical tissues.
In such cases accumulations of polymorphonuclear leukocytes and
large and small mononuclear cells were seen about the openings of
involved root canals. Abscesses were formed about the apices of
the roots. Resorption of adjacent cementum and parts of the den-
tine was seen in the more involved areas. The adjacent periapical
tissues were edematous and contained a few scattered polymorphonu-
clear leukocytes. Parts of the alveolar process adjacent to involved
areas were replaced by young fibrous connective tissue. Fragments
of osseous tissue, remains of the alveolar process, were observed
some distance from the active foci.
The carious lesions described above with the associated changes
were observed in one or more teeth of S of the 19 low-salt rats.
The changes in dentine formed during the low-salt feeding period
were observed in all 19 rats of this group.
Changes in Bone.-In all animals of this group the entire bony
framework of the alveolar process was altered. Instead of com-
pact bone, a thin shell of osseous tissue enclosed the marrow in a
space not subdivided by trabeculae. This shell was composed of a
network of lamellae enclosing in their meshes blood vessels and
fibrous connective tissue. The cells of the lamellae were embedded
in a homogeneous acidophilic matrix devoid of Haversian lines.
Many large oval nuclei, surrounded by some cytoplasm, were seen
in the matrix. Resorption lacunae with giant cells were frequently
observed along the surfaces. The marrow contained, in addition to
its usual components, an increased number of adipose tissue cells of
varying sizes (Fig. 7).
The changes described above occurred only in rats fed the low-
salt diet. They were observed in all 19 animals sacrificed at the
end of the twelve-week feeding period.
REALIMENTED GROUPS
Dental Changes.-In the rats realimented for four weeks the
portion of the cusp formerly occupied by pulp contained a core of
irregular dentine formed during the low-salt feeding period. On
the occlusal surfaces of some of the cusps, wear involved the irreg-
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ular dentine. Fractures with caries occurred in the teeth of 4 of
the 13 rats of this group. In those cusps where fractures had not
occurred a newly formed plug of tubular dentine traversed by baso-
philic bands separated the irregular dentine from the pulp. The
structure of this newly formed dentine resembled that of the sec-
ondary dentine seen in the cusps of teeth of control animals. In
the rats realimented for eight weeks occlusal wear had involved
the core of irregular dentine in many of the cusps. Fractures with
caries occurred in the cusps of the teeth of 3 of the 11 rats of this
group. Where fractures did not occur there was more tubular
secondary dentine separating the pulp from the irregular dentine
than in the teeth of the rats realimented for only four weeks (Fig.
8). In the rats realimented for twelve weeks the irregular dentine
had been worn away in many instances. Fractures with caries
occurred in the cusps of the teeth of 6 of the 20 rats of this group.
More tubular secondary dentine was observed in the cusps of the
teeth of the rats of this group than in those realimented for four
or eight weeks.
Changes in Bone.-Structural alterations of the alveolar proc-
esses were observed in all rats realimented for four weeks. A shell
of osseous tissue bordered the processes. In the light-staining fibril-
lar matrix many large oval nuclei and a few Haversian lines were
seen. Along the surfaces of the alveolar processes were many osteo-
blasts. Resorption lacunae and multinucleated giant cells were
rarely seen. Few lamellae extended into the marrow spaces. The
marrow was vascular and markedly cellular. The megakaryocytes
were conspicuous. Large numbers of adipose tissue cells were still
present. In the rats realimented for eight weeks the structure of
the alveolar processes resembled that of the control animals. The
bone marrow, however, still contained a large number of adipose
tissue cells (Fig. 9). In the group realimented for twelve weeks
the structure of the alveolar processes resembled that of the control
animals. However, there was still a slight increase in the adipose
tissue cells of the bone marrow (Fig. 9).
It is apparent that under the present experimental conditions,
more regular secondary dentine was deposited in the teeth of those
rats subjected to the longer periods of realimentation. The alve-
olar bone showed definite evidence of an active reparative process
which progressed as realimention proceeded. This restoration was
almost complete at the end of the 12-week period of realimentation.
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Discussion
That the consumption of rations from which the mineral salts
have been largely removed exerts pronounced structural changes
in the teeth and their supporting structures of young rats, is evident
from the present study. Histological examination shows that den-
tine formed before the low-salt food was consumed is not changed by
the dietary adjustment imposed, whereas the alveolar bone shows
definite signs of loss of inorganic material. On the other hand, the
dentine formed during the period of salt deprivation was defective;
sound tooth structure was worn away until the defective dentine
yielded to masticatory stress with the appearance of the cusp frac-
tures seen in the low-salt animals.
The results of realimentation with an adequate ration were
promptly seen in the teeth. There appeared a newly-formed plug
of tubular secondary dentine separating the pulp from the irregular
dentine in those cusps in which the pulp was not exposed. This
plug of secondary dentine increased in size as the period of refeeding
was prolonged. At the same time, repair of the alveolar bone took
place, progressively more complete with the extension of the period
of realimentation.
The foregoing observations provide striking evidence, from the
histological point of view, that dentine is a far more stable- structure
than is bone. This evidence, together with the chemical data of
Clarke and Smith2, and Clarke, Bassin and Smith' support the view
that under metabolic stress, the teeth, in marked contrast to the
bones, are not a readily available source of mineral salts.
Summary
The following changes occurred in rats as a result of feeding a
low-salt diet: Marked rarefaction of alveolar bone, increase in
adipose tissue of the bone marrow, irregular dentine formation,
particularly in the cusps, and caries in some of the cusps in which
wear involved the irregular dentine. These observations suggest
that a ration extremely poor in mineral salts leads to irregular den-
tine formation and marked rarefaction of bone. However, no evi-
dence was found indicating that the low-salt diet leads to rarefac-
tion or resorption of dentine already formed. Obviously, definite
differences between bone and dentine as regards labile sources of
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inorganic material are indicated bythe response of these tissues to the
consumption of the low-salt ration.
The osseous structure was rebuilt during the realimentation
period and tubular secondary dentine was formed. These observa-
tions indicate that repair of bone and additional deposition of den-
tine may be brought about by realimenting the low-salt rats with
an adequate diet.
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1923, 58, 583.Fi(;. 1. Lower first molar of an age control sacrificed after feeding ain adequate
dict for 12 wecks (Diet 2). S - dcbris in sulcus; E - space formerly occupied by
enamcl before decalcification wvith nitric acid; D - dentine; 0 odontoblasts;
P pulp; G gingiN-a. x 45.
F'i. 2. Root (R) of a lower first molar with surrounding bone (B) from a rat
fed the adcquate diet (l)ict 2) for 12 weceks. Fcw rcsorption lacuniae and fcw fat
cells are seeCI. C - cementui ; PER - pericemenituimi. x 45.FIc;. 3. Lower first molar of a rat fed the low-salt diet (D)iet 2) for 12 vveeks.
Note irregular denitiie (I1)) formation in cusps. Lack of regular denitinie formation
durinig low-salt feeding period is made ev-ident by comparison with Fig. 1. No c-i-
denice of resorptioni of formied dentine is sceei. x 45.
FiG;. 4. Cusp of lower hirst molar
of rat fed ]Lw-salt dict (D)ict 3)
for 12 weeks. Thele is irregular
denitinie (11)) formation in cusp.
x 100.F(;. 3. Lower third molar of a rat
fed low-salt diet (l)ict 3) for 12 wccks.
There is a fracturc (F) in a cusp involx-
inig irrcgulalr dcntinic (II)). A fragment
of denitine (1)) is sCCIe in thc pulp chliail-
ber. Hmciorrihage (H) has occurred
adiacent to the denitine fraigient.
1- ( f.LoxN-cr sCcoi1d molar of a rat
fcd lov.--salt dict (I)ict 3) for 12 wN-ecks.
Ilhcrc is .a fracturc (F) in a cusp, frag-
milcilts of dclntinc (D) arc seen in pulp
ch:ii-nbcr and .hc pulp is partly inecrotic
(NI').
Fi;. 7. Root of loer lhrst molar and surrouindiing bonic of a rat fcd thc low-salt
dict (D)ict 3) for 12 weeks. In contrast to the marked rarclaction of ilveolar bonie (B)
thcrc is nio rcsorptioni of dcnitiinc of root (R). Comparison with agC conitrol (Fig. 2)
reveals great loss of bonys- framework of thc alveolar process and incrcasc of fat cclls
(IFC) in the bone marrow.FIG. 8. Cusp of loxver first
^ w |**e^ ii molalr of a low-salt rat rcalimented
for 8 weeks. Newly formlled plug
of secoindarv denitine (ND) forms
*4. part of cusp. Irregular dentinc
(ID) formed during low-salt feed-
ing period is also seen. x 12;.
FIG. 9. Lower first molar root (R) ancd surrounding bone (B) of a low-salt rat
realimented for 1 2 weeks. x 45.
If,/ f t